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approach for excitation-energy transfer via charge-transfer states
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Rokkodai, Nada, Kobe 657-8501, Japan

(Received 13 May 2012; accepted 21 June 2012; published online 16 July 2012)

A transition-density-fragment interaction (TDFI) combined with a transfer integral (TI) method is
proposed. The TDFI method was previously developed for describing electronic Coulomb interac-
tion, which was applied to excitation-energy transfer (EET) [K. J. Fujimoto and S. Hayashi, J. Am.
Chem. Soc. 131, 14152 (2009)] and exciton-coupled circular dichroism spectra [K. J. Fujimoto, J.
Chem. Phys. 133, 124101 (2010)]. In the present study, the TDFI method is extended to the exchange
interaction, and hence it is combined with the TI method for applying to the EET via charge-transfer
(CT) states. In this scheme, the overlap correction is also taken into account. To check the TDFI-
TI accuracy, several test calculations are performed to an ethylene dimer. As a result, the TDFI-TI
method gives a much improved description of the electronic coupling, compared with the previous
TDFI method. Based on the successful description of the electronic coupling, the decomposition
analysis is also performed with the TDFI-TI method. The present analysis clearly shows a large con-
tribution from the Coulomb interaction in most of the cases, and a significant influence of the CT
states at the small separation. In addition, the exchange interaction is found to be small in this sys-
tem. The present approach is useful for analyzing and understanding the mechanism of EET. © 2072

American Institute of Physics. [http://dx.doi.org/10.1063/1.4733669]

I. INTRODUCTION

Excitation-energy transfer (EET) is a well-known phe-
nomenon observed in pairs or aggregates of molecules,'> and
its feature is widely used in biological systems such as green-
plant photosynthesis.** In light-harvesting complex, sunlight
energy captured by photosynthetic pigments is transferred to
reaction center using EET.>”7 The fundamental understand-
ing of EET in biological system is expected to lead to more
efficient artificial solar cells.® In the field of bioimaging, the
EET process is usually called as fluorescent resonance energy
transfer (FRET).” With the development of novel fluorescence
probes, such as green fluorescent protein and quantum dots,
the FRET technique has opened up new possibilities for visu-
alizing the dynamics of biological process.'” In recent years,
the FRET analysis has been widely applied to protein-protein
interactions in living cells.!

To clarify the EET mechanism, many theoretical studies
were performed so far."?> As a pioneering study, Forster de-
rived the rate constant of EET using Fermi’s golden rule.'> !
In the framework of the Forster theory, an electronic coupling
required for the EET rate is reduced to the Coulomb cou-
pling termed as “pseudo Coulombic interaction,” and hence
the coupling is approximated to the dipole-dipole (dd) in-
teraction using the transition dipole moments for individual
chromophores. The dd method has been applied to various
EET studies, because of its practical usefulness. In 1953,
Dexter proposed a new type of EET mechanism, which is
based on the electronic exchange interaction between two
chromophores.'* Owing to the exchange interaction, the Dex-
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ter mechanism works not only on the singlet-singlet trans-
fer but also on the triplet-triplet transfer.'> In common, the
Dexter theory is considered to have an effect on the EET pro-
cess at close separation of two chromophores.'®'> In 1994,
Harcourt et al. presented a significant influence of charge-
transfer (CT) states on the EET process, on the basis of the
perturbation treatment.'® In their theory, the electronic cou-
pling was described with two kinds of configurations. One is
the local excitations within a chromophore, and the other is
the CT states between two chromophores. Since the Forster
and Dexter theories were based only on the local excitations,
the admixture of the CT states provided a general framework
for the electronic coupling. This EET incorporates a two-
electron transfer (2ET) process, so that it is called as “2ET-
assisted EET.”' Figure 1 shows a schematic illustration for
this process.

Since the electronic coupling has a strong influence on
the EET rate, the accurate description of the electronic cou-
pling has a significant role in the EET study. To this end,
several methods have been proposed in the past.'’** The
transition-density-fragment interaction (TDFI) method was
developed also for this purpose.*** Although the basic idea
of TDFI is similar to that of the transition density cube (TDC)
method proposed by Krueger ef al.,”’ the transition densities
used in TDFI are different from those in the TDC method.
In the TDFI method, a self-consist procedure® is performed
to the transition densities,” while the TDC method uses the
transition densities calculated in gas-phase. In the previous
studies, the TDFI calculations were applied to the EET pro-
cess from salinixanthin (donor) to retinal (acceptor) chro-
mophores in xanthorhodopsin,® and to an exciton-coupled
circular dichroism spectrum observed in a dimerized retinal

© 2012 American Institute of Physics



034101-2 Kazuhiro J. Fujimoto
ET ' HT
| roor }
4y fer 4
I' J | | 3
HT ET
-+ -+
I r

FIG. 1. Schematic illustration of the EET via CT states (2ET-assisted EET).
Blue and red lines show the HOMO and LUMO of the monomer (/ or J),
respectively.

chromophore.’ As a result, TDFI succeeded in quantitatively
reproducing the experimental value of the electronic coupling,
whereas the conventional dd method completely failed in de-
scribing the value.

The present study attempts to extend the TDFI method
in three ways. First, the exchange interaction is included in
the TDFI scheme. Since the previous TDFI method was re-
stricted only to the Coulomb interaction, the description of
the exchange interaction enables us to examine the Dexter
mechanism. Second, the TDFI method is combined with the
transfer integral (TI) approach®’ for taking into account the
mixing of the CT states. Third, the overlap correction is ap-
plied to the electronic coupling energies. In this paper, the
present approach is called as the TDFI-TI method. To check
the accuracy of the TDFI-TI method, several test calculations
are performed to an ethylene dimer. Based on the successful
description of the electronic coupling, the energy components
are also analyzed with the TDFI-TI method.

Il. THEORY

A. The transition-density-fragment interaction
(TDFI) method

The TDFI method was developed for calculating
Coulomb interaction.**?* Compared with the previous study,
the present TDFI method includes new features related
to the description of exchange interaction and the overlap
correction.

First, let us consider the total Hamiltonian for N
molecules given by
N N N
H= EH;+ZZVH (1)
1 J=1
and the basis functions
|by) = |W§ - W), 2)
|Dy) = W] - W), 3)

In Eq. (1), H; is the local Hamiltonian for the molecule
I and V;, is the Coulomb interactions between the different
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molecules / and J. In Egs. (2)and (3), W} and W represent
the ground states for the I and J molecules, respectively, and
W7 and W5 are the excited states. For simplicity, only two
molecules (i.e., N = 2) are concerned in this study.

Next, a one-electron transition density for the molecule X
(X = I or J) is introduced, which is defined by"'8

pff(x..x’.)szfdx;fdxg...

X fdech;}(xhx:.xg. cees XN,)

X W (X1, X2, X3, . .., X, 4)

where Nex denotes the number of electrons in the molecule
X, and x; expresses the space and spin coordinates of the
i-th electron, i.e., X; = (r;, 5;). To obtain the spinless transition
den‘;ity, integration is performed over the spin coordinates s
and 5, as®®

px(ry, rl)—fdslfdﬁﬁx (x1,X'1). (5)

Hereinafter, the spinless transition density, py (ry, r'y), is just
called the transition density.

Using the transition density, the off-diagonal Hamilto-
nian matrix element, (&,| H |®,), is calculated as

(1] H |®2) = (P V) |P2)

fd]_ fdrf P,rb (ri. TP ')
1
Iry — 1’y

__fd"‘f ,pf (r1, ¥'DpF (1, 1)
Iy — 1’y

= Voul + VExehs (6)

where the first and second terms correspond to the Coulomb
and exchange interactions, respectively.

To convert Eq. (6) to a matrix form, the transition den-
sity by Eq. (5) is expanded in terms of atomic orbitals y ,(r;)
(AQOs) as

Py (rp,r'y)

= Y L)) Gu@dl s ) [ D) ()|

v, ueX
= Y Ix@)) PY (300 (7
v, ueX
with
P = ) od @ D) | xaa))- (8)
Here, PX is the transition density matrix of the molecule X in

Vi
the AO representation. In the configuration interaction singles

(CIS) method,™ P, is expressed by

"f’ \/_ Z Z I!—tu vi {:_u (9)

aeVir. ie0cc.

where 1, and ¢, denote a configuration interaction (CI) co-
efficient and a linear combination of atomic orbital-molecular

orbital (LCAO-MO) coefficient, respectively. Using Eq. (7),
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Eq. (6) can be rewritten in the matrix form

VS = (| H |®y)

1
= Z Z Pfuf’fa [(uvlak}—i(uuam]

vpel hoel
= Vé‘}oul + Vonch' (10)
where
Vo= D D PhPih(uvlod), (11)
vopel hoel
1
Vgxuh = _5 Z Z Vil P,\n{}ullov) (12)
vuel h,oel

In Egs. (10)—(12), (nv|o k) expresses a two-electron in-
tegral in the AO representation, which is defined by

(uvlod) = fdi'lfder;{l'l)Xv(rl)’"l_glX:(rz)Xi.(rz)-
(13)

In my previous study, Eq. (11) was the TDFI expression
for the Coulomb interaction, which is hold for the case that
two basis functions shown in Eqgs. (2) and (3) are orthogonal.
If the orthogonality is not satisfied, the expressions of Eq. (10)
is modified such as®"4°

yTDF _ 1
1— 55,

1
[VE =i (E, + Ez)Slz:I

VC(‘}uul + Vé]xch _ (E\ + E3) Si2
1 -8} 1 — S, 2([_5121)

_ TDFI TDEI TDFI
= Voow + Vexen + Voup (14)

To employ these forms, the overlap of two basis func-
tions, S),, and excitation energies for the / and J molecules,
E, and E,, are necessary. The overlap between the basis func-
tions |®,) and |P,) is obtained from

S = (P | D5)
=-Nn Z Y Bhbplsd. (9
vuel soeld

where N!7 is the number of electrons in the IJ complex and

S ;?? is an AO overlap matrix defined by

S;??= fdr.x:(r; )xa(ry). (16)

For the excitation energies, the polarization effects from
the counterpart molecule are also taken into account, which
leads to

Ei=(d
=E! +

1| H — Eg|dy)

Z Ph_ ';f

v, el

I V:::Ll -’ Z:

roel

[(uviall——(ullov)” . (17)
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Ey=(®;| H — Eo |®,)

- E 4 Z: Pt‘;:- Pl’;f )

v.ped

{ V;{\:.ln.l;' Z

Aol

Pt [(uvlcl)—%tullav)” , (18)

where E; and E} denote the ground state energy of the
IJ complex and the excitation energy of the noninteracting
molecule X, respectively, and V;fﬂc'x expresses a nuclear po-
tential generated by the molecule X which is defined by

vl'll.lL]X fdrlx“(rl} [

Here, Z4 and R, denote the charge and the space coordinate
of nucleus A, respectively. In Egs. (17) and (18), Py and PX¢
denote a one-electron density matrices (AO representation) of
the molecule X in the ground and excited states, respectively.
If the Hartree-Fock (HF)*!**? and CIS methods are employed
for describing the ground and excited states, respectively,*

the ground state density matrix, P.‘.Tf, is represented by

Pii= 3 "3ekel, (20)

ie0cc.

nucl

—Z4
_— X 19
Z| _Ral]x(rl) (19)

AeX

and the excited state density matrix, P.’ff becomes

Xe __ X
P' .HL Z Cm Ppc;cq,u [2])
Pq
where
!’".‘ Z Ip—».u q—-n if P.q € Occ.
aeVir.
Xe P _
Ppy = Z -',-{.,,-';X_.q if p,q € Vir. (22)
ie0cc.
0 if others.

Here, é,, is Kronecker delta. It should be noted that Eq. (21)
means the molecular orbital (MO) to AO transformation of the
excited state density matrix. To evaluate Eqgs. (17)and (18),
the density-fragment interaction (DFI) method*® is employed.
Using Egs. (15)and (17), and (18), the overlap correction can
be performed. In this study, Eq. (14) is the final expressions
of TDFI for the Coulomb and exchange interactions.

B. The transfer integral (Tl) method

In Sec. II A, the Coulomb and exchange interactions are
considered, which correspond to the Forster'? and Dexter'*
types of EET, respectively. In this section, a different type
of EET, which is termed as the EET via CT states,* is
concerned.

To account for the EET via CT states, the so-called TL,?’
which corresponds to the off-diagonal Hamiltonian matrix el-
ement, is required for describing the electron transfer (ET),
hole transfer (HT), and CT processes. For this purpose, let us
introduce two types of basis functions given by

|®3) = [w)f - W), (23)
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|D4) = | W) - WF), (24)

where W} and Wy represent the cationic and anionic states for
the molecule X, respectively. Although many kinds of config-
urations can be selected to construct the basis functions, the
present study restricts to the ones related only with highest
occupied MO (HOMO) and lowest unoccupied MO (LUMO)
of the molecules 7 and J, for simplicity.

First, let us consider the ET process. As shown in Fig. 1,
the ET process is attributed to the LUMO-LUMO interaction
between the molecules / and J.'7 In the ET process between
|®) and |®5), this interaction is expressed as

Vo = (@ H |3)

~tho {lel] F lol)+2 (ol of| oliol) — (ol ol | otel) }

=l Z Z Cla FﬁﬁC;L o E Z C{:-HC{_;;

ael fiel pnel vel

X > clich, 2(uvlod) - (uk[o’v}]] : (25)

ael kel

where £ is the Fock operator, and F,, is the Fock matrix in
the AO representation

- 1
Fov=h5 + z Z 2¢3kCro |:(#1’|0M - E(MMC’ V}]

oAk
(26)
with the one-electron core Hamiltonian matrix

Heor = f dry (r1) [——

nucl

—=Z
+[d1‘!X;(r|) |:Z m_—;ﬁl])(u(l‘l)- (27)

A

vlz:IKv(r])

In the second line of Eq. (25), the following definitions of MO
integrals are used

(@il Floi) Efdrlfpf(rl)ﬁwj(rl}. (28)

(0ivi| oew) = f dr f dragf (r)e;(r)rp ¢ (1)@ (rs).
(29)

In common cases of ET study, only LUMO-LUMO in-
teraction is considered for evaluating TI of the ET process.”’
On the other hand, Eq. (25) contains an additional term #};_ |
(i.e., the CI coefficient for the HOMO-LUMO transition in
the molecule /) to account for the sequential process from the
initial state |®,). A similar situation is also seen in the ET
process between |®4) and |®5). In this case, .';’i_,L in Eq. (25)
is replaced by #;]_,; of the molecule J as follows:

Vi = (®4] H |2)

>t (el | F ol )+2 (ol il ¢iel) — (ol ol | eien))

J. Chem. Phys. 137, 034101 (2012)

= r;;_,l_ Z Z r.{u Fa‘gq‘;,_ + Z zc{fl_;c{#

ael fel el veld

x 35" ¢y 2uvlon) — (urlov)] (30)

aelt ied

Second, the TI for the HT process is considered. As found
from Fig. 1, the HT process is caused by the HOMO-HOMO
interaction between the molecules / and J.'7 Therefore, it is
calculated as
V|E|JT| =<¢I| ﬁ IchI}

—"H—>L[ (£0H|F|‘PH)+2(¢’H(PL|£0L(»0H (‘PH@H|‘PL‘PL

=t {- Z ZCI{Ia Fapcy + Z zcl{lﬁéu
ael fef el vel
X YD clucl, [2(uvlon) — (urlov)] (31)
ael iel
V]?T" ((D-;I H t‘b?}
~ 1 {eh B loi)+2 (ool | ol oi) — (eheit| ol el)}
= "é—»L i Z Z Cl{{a FaﬁC;H + Z Z ".;"‘LC“HM
wel fiel pel ved
X Z Zcfﬁc‘ia [2(pv|od) — (uilov)] (32)
oel rel

Similarly to Egs. (25) and (30), Egs. (31) and (32) have the CI
coefficients, #};_,, and #_, , respectively.

The third TI is involved in the CT process. As shown in
Fig. 1, the CT process incorporates two kinds of interactions.
One is the interactions between HOMO-LUMO and LUMO-
HOMO for the molecules / and J, and the other is the HOMO-
HOMO and LUMO-LUMO interactions. Thus, the TI for CT
is expressed as follows:

Ve = (@3] H |Dy)

=2 (DH‘ﬂL 4 (PL@H (i | ‘ﬂLWL

=" cheh, Z: > el 2(uvlod) — (uAlov)).

nel vel oel ied

(33)

It should be noted that Eq. (33) has no contribution from
h°™ because of the Slater-Condon rules.*>#

v
As mentioned in Sec. II A, the overlap correction is re-

quired also for TIs. The procedure is performed in the similar
manner. In the ET, HT, and CT processes, the individual TIs
are modified as

(34)

|
Ven = I:VST] ~-3 (E\ + Ez)Sm:I .

1
l—S
1

T (35)

Vi =

1
[V}?TI - E(El + E3) Su] ’
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1
Ver = =3 (E\ + 52)534] " (36)

I
v
- 514

where Sj3, Si4. and S34 are the overlaps between two basis
functions, which are written as

St3 == {¢’| | q";}
1
=TT ZZFI{I—-L(LHS;?P e (37)
€ el vet
Sia = (@ | Py)

AO L J
N."J’ Z:ZfH—»LCHuS;n | (38)

€ uel veld

Oi| A |P3) (03] A [P2) (@

J. Chem. Phys. 137, 034101 (2012)

Sz = (@3 | Dy)

.U Z Z Cnl CHu [1¥s CaHCl.«'xSJﬂKO‘ (39)

c woel vielt

To apply the correction to Vi, and Vi, Si3 and Sy4 used
in Egs. (34) and (35) are replaced by S4 and S3, respectively,
which give the overlap-corrected forms, Vet and Vyrs.

The Coulomb and exchange interactions (i.e., VAPI! and

VADE) shown in Sec. IT A can be interpreted as the direct cou-
pling between the states |®;) and [®;). On the other hand,
the EET via CT states is to be the indirect one via the in-
termediate states |®3) and |P4). To express such an indirect
coupling, the perturbation technique is often used for the elec-

tronic coupling,””*’* which results in

1| H |94) (4] H |P,)

_ 5 (
TIF—(‘D||H|¢2}+|:— Es_E,

(@] H |®3) (3] H |Dy) (4] H | D)

E4— E,

(E; — E\)(Ey — E))

= Tpirect + Tindiects

where the first term is the direct coupling, Tpjrect. and the oth-
ers is the indirect one, Tiygireer. Furthermore, substitution of
the Tls for ET, HT, and CT into the corresponding Hamilto-
nian matrix elements in Tigirec; g1VES

Vet Ver Ven
(Ez—E|)(Ey—E))

Vit Ver
E,—E,

Ve Vim
E; — E,

Tindireat = —

Vi Ver Vi
(Es— E\)(E3— E))

(41)

As found here, this form is similar to the super-
exchange coupling observed in the bridge-mediated EET (or
ET),!28:37:47.50 while the intermediate states in Eq. (41) are
not related to bridge molecules but to the I/ complex. In
Eq. (41), the unknown terms are E3 and E4 corresponding to
the energies of the charge-separated states. To calculate these
values, ionization potential (IP), electron affinity (EA), and
electron-hole attraction are necessary. For IP and EA, Koop-
mans’ theorem’! is employed, which are defined by*?

EX, =N-1gX _NEX ~ _gX, (42)

NeH EX o X (43)

[

X _ N¥px
Egpo="Ej —

where ¢ and &) are orbital energies of occupied orbital i and
virtual orbital a for the molecule X, respectively. These or-
bital energies are also obtained with the DFI method for sat-
isfying the self-consistency condition between the molecules
I and J in the complex. For the electron-hole attraction, the

(@] H |®y) (D4 H |D3) (3] H | D))
(Es — EV))(E;—E))

(40)

HOMO-LUMO interaction between the molecules [ and J is
introduced as follows:

Forr oo J J
Ecpu == (WH(PH| YL )
=- Y X cluchuchel,(ulon),  @4)
el hoed
= T S i (RN (SN
EC(;:—.I.I = ‘pL(pL| wH(pH)

- Z Z ‘—"il.f{.;:"fﬂffia(ﬂvlffl), (45)

wvel hoel

where E( (Ec.h) denotes Coulomb interaction energies be-
tween a hole in HOMO for the molecule 7 (/) and an electron
in LUMO for the molecule J (1).

According to Egs. (42)—(45), E5 and E; are calculated as
E3 = (&3] H — Eo|®3)

~

! J +—
= Epy— Egar + Ecou

> D cnchciiels(uvlod).  (46)

nvel hoeld

i J
_E"H o 8[_ =

Ey= (P4 H — Eo|®y)
= _EéA Lt EFL i+ Ecou

Z Z 1L‘L;;CJLH‘H0(#U|UJL) 47)

woel ioed

Finally, Egs. (46) and (47) enable us to evaluate Eq. (41).
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In this paper, the amount of the electronic coupling for
EET is estimated by

Tir = Tpireet + Tindirect
= (VIR -+ VIR VEBF) + (VT VTO) )

where the TDFI expression by Eq. (14) is used in the direct
coupling term, and the indirect coupling are separately de-
scribed with the second and third order interactions with re-
spect to TI, which are defined as follows

VET] VHTE VHT 1 IVET2

VT"EI = : 49
Es— E| Ei— E) 49)
Yo — Veri Ver Ven Viri Ver Vim
T (Es—EN(Es—E))  (E4— E)(Es—E))
(50)

lll. COMPUTATIONAL DETAILS

In this study, the ethylene dimer was selected as a compu-
tational model. The atomic coordinate of this model was ob-
tained from the geometry optimization using the second-order
Moller-Plesset perturbation (MP2) theory”? with the split va-
lence double-¢ plus polarization basis set (6-31G*). This

J. Chem. Phys. 137, 034101 (2012)

procedure was performed with the GAUSSIANO3 program
package.” The optimized structure of the ethylene dimer is
shown in Fig. 2(a). Using this structure, the TDFI-TI and full
quantum-mechanical (QM) calculations were performed for
testing the TDFI-TI accuracy.

In the excited state calculations, the CIS and time-
dependent density functional theory (TD-DFT)**% methods
with a frozen core approximation to s core orbitals were em-
ployed for obtaining the excitation energies and the transition
densities. In this process, the DFI algorithm®® was used to sat-
isfy the self-consistency condition between two molecules. It
should be noted that although the present TDFI-TI method
is derived from the wavefunction picture, the TDFI-TI calcu-
lation with TD-DFT is also performed. Recently, Pavanello
and Neugebauer®® proposed another type of the TI calcula-
tion with DFT, and they showed the significant influence of
the self-interaction error (SIE)*” on the electronic coupling.
As mentioned in Sec. Il B, the present TDFI-TI method uses
Koopmans’ theorem for the evaluations of IP and EA. Since
the use of Koopmans’ theorem in a DFT context is generally
problematic also due to SIE,*** the appropriate exchange-
correlation functional is necessary. In this regard, the long-
range corrected DFT is found to give the quantitative or-
bital energies.”” Therefore, the revised Coulomb-attenuating
method (rCAM) B3LYP functional®' was used in the TD-DFT
calculations. In this case, Vgyeh in Eq. (6) was replaced by

1 eg¥ r cgr, )
Vxc = csr __fdlﬁfdr']m (r1 T/ 0y o)
2 [ry —r'y]

+eir _lfdr]fdr,lp‘f@*(n.rﬁ)erf(ﬂr. — 1P )
2 Iy — 1y

+j dr, fdl'rlpfg*(l‘lerl]gxc(l'l‘l"l)pjg(l‘fl-l"i),

where gxc(r;. r'y) stands for the exchange-correlation kernel,
and c¢sg and ¢ g denote weights of the short-range and long-
range HF exchange contributions, respectively.

The TDFI-TI program with CIS and TD-DFT was imple-
mented in GAUSSIANO3.%}

IV. RESULTS
A. Accuracy of the TDFI-TI methad

For testing the TDFI-TI accuracy, the electronic coupling
energies obtained with the TDFI-TI method were compared to
those with the full-QM method. In the first step, the optimized
structure of the ethylene dimer was used as the computational
model.

(51

In the full-QM calculations, the electronic coupling en-
ergies were evaluated with the so-called energy splitting in
dimer (ESD) method,*”-%* which is defined by

(1| H |P2) = % (Eq — Ep), (52)
where Ej denotes the i-th excited state energy for the dimer.
Equation (52) strictly holds only for symmetric dimer with
identical monomer energies.>> To estimate the error associ-
ated with the TDFI-TI method, the value of Eq. (52) was
taken as a reference, and the TDFI-TI value was compared
with it. In both of the full-QM and TDFI-TI calculations, the
CIS and TD-rCAM-B3LYP methods were employed to un-
derstand the dependence on the electronic structure method,
as reported in previous studies.®*® As summarized in
Table I, the TDFI-TI coupling energies obtained with CIS and
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(c) (d)

FIG. 2. (a) Optimized structure of the ethylene dimer. In (b-d), the definitions
of x-axis coordinates for Figs. 3(a)-3(c) are shown.

TD-rCAM-B3LYP were to be 1997 and 1417 cm™', respec-
tively, which indicates the absolute value of the coupling en-
ergy depends on the electronic structure method used in the
TDFI-TI calculation (580 cm™'). However, the TDFI-TI com-
putations with CIS and TD-rCAM-B3LYP successfully repro-
duced the individual reference values (1976 and 1454 cm™)
with the deviations of 21 and 37 cm™', respectively. There-
fore, it is confirmed that TDFI-TI gives a quantitative value of
the electronic coupling energy without regard to the electronic
structure method used. Regarding the strong dependence of
the electronic coupling on the electronic structure method,
similar results were obtained in the previous study.*** On the
other hand, there are examples of linear-polyene type molec-
ular dimers, for which pure and hybrid density functionals,
CIS, and the semiempirical ZINDO/S methods give very sim-
ilar couplings.>% Therefore, it is considered that the depen-
dence on the electronic structure method is system-dependent.
This is an interesting topic, but the present study does not fo-
cus on it.

Table I also summarizes the coupling energies obtained
with the previous TDFI method. As found here, the values
of TDFI (CIS: 1649, TD-rCAM-B3LYP: 1097 cm™') were
smaller than those of TDFI-TI. Therefore, the present TDFI-

TABLE 1. Electronic coupling energies of the ethylene dimer (cm™').

CIS TD-rCAM- B3LYP
Full QM 1976 (2079%, 2039") 1454
TDFI-TI 1997 (21014, 2161%) 1417
TDFI® 1649 1097

"Data calculated with the 6-31G basis set.
"Data calculated with the 6-311G"" basis set.
“Previous TDFI method .

J. Chem. Phys. 137, 034101 (2012)

TI method was found to give a much improved description,
compared with the previous TDFI method.

To check the basis-set dependence, the TDFI-TI and full-
QM calculations at the 6-31G and 6-311G** levels of basis
sets were also performed. As listed in Table I, the TDFI-
TI values calculated with 6-31G and 6-311G** were to be
2101 and 2161 cm™', respectively, while the full-QM ones
were to be 2079 and 2039 cm™~!, respectively. From these re-
sults, the dependence on the basis set was found to be small
in the present system (TDFI-TI: ~164 cm™' and full-QM:
~103 cm™").

To obtain further insight into the TDFI-TI accuracy, I em-
ployed three kinds of computational models that differ with
respect to the relative separation and orientation of the ethy-
lene molecules. The schematic illustrations of these models
are shown in Figs. 2(b)-2(d). Using these models, the elec-
tronic coupling energy calculations were performed with the
TDFI-TI and full-QM methods. Figures 3(a)-3(c) show the
evolutions of the electronic coupling energies as a function of
the intermolecular distance, rotation, and translation, respec-
tively. As found here, the TDFI-TI method reproduced almost
the same values as the full-QM method in all the regions. The
deviations from the reference values were to be ~78 cm™!,
which were only ~0.8% of the amount of the coupling en-
ergies. Therefore, the dependence on the relative separation
and orientation was also confirmed to be small in the present
TDFI-TI calculations.

B. Decomposition analysis of the electronic
coupling energy

Based on the successful description of the electronic
coupling energies, the contributions were analyzed in terms

4 : antinia TDFI TDFI TDFI TI(2)
of five interactions (i.e., Vo' Ve s VOVIP .,V 5

and VT in Eq. (48)). The results are also shown in
Figs. 3(a)-3(c). Here, it is noted that the decomposition anal-
ysis can be performed with the TDFI-TI method, not with the
full-QM (ESD) method. This is one of the advantages of the
TDFI-TI method. As shown in Figs. 3(a)-3(c), the Coulomb
interaction predominantly contributed to the coupling energy
in most of the regions calculated. In particular, it is visible
at large separation in Fig. 3(a), where only the Coulomb in-
teraction gives a contribution. On the other hand, the rest
of the interactions showed a different behavior. As found in
Fig. 3(a), the contributions from the indirect coupling (i.e.,
VT2 and V1)) gradually became large with the decrease
in the molecular separation. At 3.0 A, the values of the sec-
ond order coupling VT2 (5446 cm™~!) became larger than the
Coulomb coupling energy (4689 cm™'). Compared with the
third order coupling V™ the second order coupling VT
was found to give a larger contribution, which means the two-
step pathways through ET and HT are preferred to the three-
step ones related to CT. This behavior was observed also in
Figs. 3(b) and 3(c). Similarly to the indirect coupling, the ex-
change interaction contributed to the coupling energy at the
small separation. However, the contribution was not as large
as that from the indirect coupling, and hence the exchange in-
teraction gave negative values (~—943 cm™'). Therefore, the
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FIG. 3. Electronic coupling energies between two ethylene molecules as a
function of (a) intermolecular distance, (b) rotation, and (c) translation. All
calculations are performed with CIS/6-31G*.

amount of the coupling energy was found to be decreased by
the exchange interaction. Although the exchange coupling is
commonly considered as a main factor for EET at small sep-
aration, the indirect coupling had a larger contribution than
the exchange coupling in the present system, as reported in
previous study.* The overlap effect, V5", gave negligible
contributions in all the cases (~40 cm™'). From these results,
it was found that the Coulomb interaction mainly contributes
to the coupling energy in most of the cases, and the indirect
coupling provides a significant contribution at the small sep-
aration. The present results also indicated that the calculation
only of the Coulomb interaction is insufficient for the quanti-
tative evaluation of electronic coupling energy.

J. Chem. Phys. 137, 034101 (2012)

(©)23A

(a)0.0A (b 16A

LUMO

LUMO+1

FIG. 4. The LUMps and LUMO-1s of the ethylene dimer at (a) 0.0 A, (b)
1.6 A, and () 2.3 A.

As found in Fig. 3(c), the curve of the second order cou-
pling VT showed a different shape from that of the to-
tal coupling energy. In particular, it provided negative val-
ues from more than 1.6 A, and reached the minimum value at
23A(—48cm™). To investigate this reason, the MOs of the
ethylene dimer were analyzed, which are illustrated in Fig. 4.
As a result, the LUMO and LUMO+1 at 0 and 2.3 A had the
bonding and anti-bonding characters, respectively. These two
characters were easily distinguished. On the other hand, the
characters of the LUMO and LUMO+1 at 1.6 A could not
be identified due to the mixing of bonding and anti-bonding
characters. Since this mixing gives rise to the cancellation of
the bonding and anti-bonding interactions, the electronic cou-
pling becomes small as seen at 1.6 A. Conversely, when the
orbital characters are obviously identified, the electronic cou-
pling becomes large because of their strong interactions. From
these results, the magnitude of the second order coupling was
found to be strongly related to the nodal characteristics of the
orbital.

V. CONCLUSIONS

In this paper, the TDFI-TI approach for the EET via CT
states was proposed. The basis of TDFl is to describe the elec-
tronic coupling between the transition densities for the indi-
vidual molecules. Although the previous TDFI method was
restricted to the electronic Coulomb interaction, the present
TDFI was extended to the description of the exchange interac-
tion. To apply to the EET via CT states, the TDFI method was
also combined with the TI method, and hence the overlap cor-
rection was taken into account. As a result, the present TDFI-
TI gave a much improved description of the electronic cou-
pling, compared with the previous TDFI method. The TDFI-
TI scheme can be combined with other electronic structure
method, even though only the CIS and TD-rCAM-B3LYP
methods were adopted in the present study. In addition, the
decomposition analysis can be performed with the TDFI-TI
method, which is convenient for investigating the main con-
tribution of the electronic coupling energy.

In this study, the TDFI-TT method was applied to the
ethylene dimer. As a result, it succeeded in quantitatively esti-
mating the components of the coupling energy, whereas such
an analysis could not be performed with the full-QM method.
The present analysis clearly showed that the Coulomb
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interaction mainly contributes to the coupling energy in most
of the cases, and the indirect coupling provides a significant
contribution at the small separation. Although the exchange
coupling is commonly considered as @ main factor for EET at
small separation, the exchange coupling was smaller than the
Coulomb and indirect couplings in the present system. These
results supported the previous study by Scholes et al.*® But it
still remains unclear if the Dexter mechanism is effective or
not, because the present results may hold only for the ethylene
dimer. In this regard, further examinations are necessary for
a better understanding of the EET mechanism. Such studies
will be performed in my future work.
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